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Introduction. The modern state of the art position.

It is known that the XXII General Assembly in 1999 recommended TWO formulas
for the refractive index of the atmosphere suggested by the Ad-Hoc Working
Group “Refractive indices of light, infrared and radio waves in the atmosphere”
(Rueger (2002)). One of them (in Taylor’s series form) is low accuracy (1 ppm),
another (in Sellmeier’s form) is more accuracy (better 1 ppm). State-of-the- art
dispersion formulas are based on UV continium effect only. Usually exact
formulas may be written, as follow

B . D

~o? E-¢?

where the coefficients A,B,C,D,E were suggested by different authors and the best
of them is shown in table 1.

N10°=(n-1)-1F = A+ c



Table 1. The coefficients are suggested by different authors.

A ‘ B ‘ C ‘ D ‘ E
1 Given as Taylor’s series Recommended by the XXII GA (1999)
2. 0 5792105 238,0185 167917 57,362| Recommended by the XXII GA (Ciddor96)
3.| 8060,51| 2480990 132,274 17455,7| 39,329957| Peck&Reeder (1972) formula
4.| 8342,13| 2406030 130 15997 38,9| Edlen’s (1965) formula
5. | 8629,574| 2323732,3| 127,060012| 12989,105| 37,884361| Galkin and Tatevyan (1997) formula

The last experimental data were written by Peck and Reeder (1972) which have
corrected some experimental data of Peck and Khanna (1962) (about 0.5¢10™) and
fitted new data to obtain new dispersion formula. Unfortunately anything special
experimental data is absent and the XXII GA recommended two formulas (low
precision and high precision) grounded by Peck and Reeder analysis and corrected
on the temperature scale and CO2 content. Results of comparing are shown in the
Table 2

Additionally there is shown optimized formula, which has the lowest RMS in last
column.

Table 2. The differences of the formulas calculations minus the experimental data

Nexperim
_ Wavelength x10E-8 Recommen | Recommen | Peck&Reed Edlen’s Galkin and
A ded as ded as er (1972) (1965) Tatevyan
micrometer easy exact formula formula (1997)
s formula by | formula by formula
the XXIl GA | the XXII GA
(1999) (Ciddor96)

1 1,694521 27314 4,1541956 1,5445055 0,2655215 0,7167135 0,2738517
2 1,530015 27326,41 4,0082396 1,3113552 0,0200432 0,4603064 0,0212895
3 1,529977 27326,1 4,3215394 1,6246317 0,3333165 0,7735767 0,3345609
4 1,529354 27326,56 3,9156752 1,2183842 -0,0729843 0,3672279 -0,0717708
5 1,47565 27331,28 4,1244603 1,3923415 0,0961548 0,532007 0,0945681
6 1,372233 27342,34 4,2468603 1,4362005 0,1293671 0,555395 0,1215256
7 1,372233 27342,52 4,0668603 1,2562005 -0,0506329 0,375395 -0,0584744
8 1,350788 27345,38 3,8548095 1,0256513 -0,2836459 0,1400694 -0,2929485
9 1,350788 27345,31 3,9248095 1,0956513 -0,2136459 0,2100694 -0,2229485
10 1,12905 27381,47 4,6740507 1,5913565 0,2499526 0,6419776 0,2210678
11 1,014257 27410,87 4,668668 1,3904036 0,026322 0,393831 -0,0171248
12 1,014257 27410,78 4,758668 1,4804036 0,116322 0,483831 0,0728752
13 0,966043 27426,28 4,8768434 1,49721 0,1220833 0,4768247 0,0712656
14 0,922703 27442,66 4,7030755 1,2202605 -0,1656118 0,1760694 -0,2238127
15 0,912547 27446,62 4,8828814 1,3740496 -0,0144528 0,323923 -0,0744967
16 0,912547 27446,43 5,0728814 1,5640496 0,1755472 0,513923 0,1155033
17 0,724716 27557,42 5,4666071 1,3171648 -0,1256837 0,1283708 -0,2289407
18 0,671829 27606,4 6,2493796 1,8564568 0,398697 0,6179052 0,2799573
19 0,644025 27638,2 5,7908657 1,2602317 -0,2042629 | -0,0061245 | -0,3315975




Table 2. The differences of the formulas calculations minus the experimental data

Nexperim

Wavelength Recommen | Recommen | Peck&Reed Edlen’s Galkin and
. A x10E-8 ded as ded as er (1972) (1965) Tatevyan

micrometer easy exact formula formula (1997)

s formula by | formula by formula

the XXIl GA | the XXII GA
(1999) (Ciddor96)
20 0,579226 27729,8 6,1029558 1,2464663 -0,2271617 | -0,0869784 | -0,3747713
21 0,57712 27733 6,4360516 1,5695381 0,0958489 0,2339169 -0,0523982
22 0,567747 27749,7 5,956003 1,0459983 -0,4277184 | -0,2992559 | -0,5787617
23 0,546227 27789,88 6,3382817 1,3382644 -0,1337797 | -0,0285848 | -0,2908928
24 0,501707 27891,53 6,4743271 1,3759449 -0,0822914 | -0,0308325 -0,249099
25 0,49233 27916,71 6,4789896 1,3866325 -0,0663735 | -0,0272043 -0,234421
26 0,491745 27918,7 6,1101503 1,0186167 -0,4340312 | -0,3956395 | -0,6021433
27 0,471446 27978,61 6,4204893 1,3982244 -0,0394525 | -0,0288066 | -0,2087149
28 0,467946 27989,85 6,401085 1,4002925 -0,0342683 | -0,0285487 | -0,2034821
29 0,447273 28062,08 6,1869999 1,391607 -0,0209681 -0,0450807 | -0,1880079
30 0,435956 28106,3 6,0364431 1,4270908 0,0293266 -0,0115419 | -0,1348728
31 0,435956 28106,5 5,8364431 1,2270908 -0,1706734 | -0,2115419 | -0,3348728
32 0,410933 28218,4 5,4107101 1,4926233 0,1349515 0,0566276 -0,0174304
33 0,404771 28249,54 5,1390278 1,4716239 0,1253279 0,0378494 -0,0227096
34 0,404771 28249,5 5,1790278 1,5116239 0,1653279 0,0778494 0,0172904
35 0,398509 28282,8 4,8201513 1,4501186 0,1159236 0,0192436 -0,0270109
36 0,388975 28336,79 4,2754431 1,4556653 0,140781 0,030398 0,0070821
37 0,380273 28390,5 3,1408789 0,9474014 -0,3492042 | -0,4716177 | -0,4727619
38 0,365587 28489,6 2,0698116 1,2815469 0,0159162 -0,1252089 | -0,0863247
39 0,365119 28492,9 2,1040497 1,369229 0,104561 -0,0371174 0,0030936
40 0,356224 28559,5 1,5906434 1,9949496 0,7478589 0,5963095 0,6622768
41 0,354443 28574,4 0,5710811 1,2343384 -0,0094555 | -0,1628165 | -0,0915788
42 0,339168 28705,9 -1,9908321 1,4205045 0,1996018 0,0335988 0,1511246
43 0,29263 29264,3 -21,125423 1,5153873 0,1900421 0,0430504 0,2786222
44 0,289447 29314,4 -23,487773 1,5428644 0,1912606 0,0507216 0,2889381
45 0,285779 29374,8 -26,660677 1,3992657 0,0128765 -0,1190613 0,1202801
46 0,276059 29548,7 -36,385156 1,404872 -0,0984449 | -0,2008539 0,0284199
47 0,27536 29562,1 -37,222981 1,377451 -0,1356618 | -0,2355349 | -0,0078913
48 0,267575 29719,8 -47,443707 1,4072727 -0,2259716 | -0,2934173 | -0,0947281
49 0,257711 29945,5 -64,119415 1,7180661 -0,0819116 | -0,0959524 0,0284762
50 0,246482 30245,7 -90,652656 2,20108 0,2740376 0,3407201 0,3034355
51 0,244765 30297,3 -96,565969 1,3659913 -0,5614117 -0,480221 -0,5519836
52 0,237911 30514,4 -119,81141 1,6075054 -0,2099204 | -0,0640882 | -0,3062783
53 0,234617 30628,3 -133,49383 1,3558144 -0,3098704 | -0,1286014 | -0,4739523
54 0,230289 30787,6 -153,46746 1,5999116 0,2944622 0,5276015 0,0227756
55 0,214506 31496,8 -267,91322 | -3,9468422 | -0,2064336 0,3096475 -1,0080198
56 0,202605 32214,8 -423,92365 | -17,189431 2,5912883 3,6500984 1,8825077
57 0,199052 32479,5 -497,03363 | -31,113787 | -1,0207661 0,3833109 -1,1874386
58 0,193585 32939,7 -637,244 -58,775678 | -2,2454354 0,1255087 -0,1200724
59 0,186277 33697,4 -912,5541 -127,39999 5,2981688 11,109373 18,363192
60 0,185473 33805,5 -963,30413 | -150,25495 | -4,0859011 2,4234463 11,406945
+124.499 +9.199 +0.524 +0.554 +0.404

In whole experimental data confirmed dispersion formula but however some
experimental measurements (very high precision) gave more high magnitude for
some wavelengths.



Table 3. Some experimental results after 1972

Authors Range Method Data - Ed.65
B micrometer in 10°®
S
1 Schellekens et al (1986) 0.63 NPL +6.0
2 0.63 PTB +0.1
3 0.63 THE +8.0
4 0.63 VSL +3.0
5 Matsumoto (1988) 10 Michelson +5.0
6 Birch and Downs (1993) 0.63 NPL +5.9
7 Hou and Thalmann (1994) 0.63 OFMET +1.4
8 0.63 BCR +3.4

This situation and some former results (two color refractometer, IR EDM) gave the
idea that special reasons may be here.

Influence of the atmospheric absorption lines.

It is known that there are a lot of (more 1000000 by the HITRAN electronoc
basedata) resonances (absorption lines) from IR to RW. In generaly the resonances
are combined by groups (absorption bands) including 100s or even 1000s
separated absorption lines.

Usually a single absorption line near of the earth surface has the Lorentian form

o,C go; _ AN gow!

x() = 20,  (0-w;)°+dw?’ (0 - w,)°+J®?°

Therefore change of the phase refractive index because of absorption may be
written as

o, (0, - w)
(0~ 0F + 07

n(w)-1=ANg

Symbolic graph shows resulting “unsmooth” curve.
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A single line has small effect 10”- 10" on the phase refractive index. This effect
on short wave side aspires to zero, but (warning) one on long wave side aspires to a
fixed terminal value. Therefore, the refractive index on long wave side of
absorption band is above (sum of all lines effect) then the UV effect curve. We can
acount important bands of the general atmospheric components (O,, H,O, CO,
etc.) within visible, NIR, MIR, FIR and RW regions. The real refractive index of
air 1s more complicated then the known formulas show.

More than that the group refractive index near absorption line may be written as

4.2

n, - 1=ANg 2079 (0, - w)+ o (0, -0)° - og
@, - 0)? + 02’ ]
And if we take
Q)I _ (D 1 b . .
X=——— where gw is the halfwidth of the i-line
Qo

we can easily estimate region of influence every line in number of the halfwidth of
the line

AN (X2 - 1)
g(1+ x?)?

X
1+ x°

n(x)-1= AN g (x)-1=

ﬂ©=AN11

+x°



Usually AN is 10°-10""? and g =107 for visible and IR regions therefore the single
line effects on the group refractive index is million times more than on the phase
index within spectral region from 0,5 nm to 50 nm around of a signal carrier
frequency.

The phase refractive index is destroyed just when the signal spectrum and the
absorption line are intersecting.

Since the SLR uses the group refractive index there are shown number of lines
within of the + 5 nm range around of the laser wavelengths used by SLR in Table
4.

Table 4. Absorption lines near SLR wavelengths.

Laser wavelength The nearest

No micrometer (0)3 CO, H,O line

1 0,353 Outside of database

2 0,4235 0 0 0 0

3 0,435 0 0 0 0

4 0,46 0 0 0 0

5 0,532 0 0 32 0,5325

6 0,6329 85 0 117 0,632908

7 0,6942 124 0 218 0,69421

8 0,683 38 0 65 0,68304

9 0,847 0 0 105 0,847005

10 1,064 51 34 21 1,06402

11 1,57 17 232 36 1,570003

It is seen that in most cases the state of the art smooth dispersion formula is not
enough for precision group refractive index of the air and real dispersion is not
known and the special researches are required.

More than that, the oscillating form of the dispersion may be as reason of breach of
correction of the group refractive index formula in whole.

Nonlinear refractivity effects.
The XXII General Assembly recommended to use the group refractive index
calculated using the computer procedure suggested Ciddor and Hill (1999). This

procedure assumes that the conditions are realized in air may be written as
following

B (000)R2)) 0.58" (w, )Q°



When the properties of medium (absorption and refractivity) may be written as the
Taylor’s series of the complex function

a(wg))) o' (o )2

k(w)= k(wg )+ k'(wg )2 + 0.5k " (wy J2% +...=
= B(U)o)"' [3'(000)9 + O-$”(UOO)QZ + ...
+io(wg)+ i (wy)RQ +i10.50" (0, )R + ...

where k(w) is a complex vector in a Taylor series in powers of Q=(w-w,) for the
absorption coefficient a(w) and the phase delay ()

Unfortunately above-mentioned conditions may be not executed near absorption
lines even for simple signals (AM-signal) (Galkin and Tatevyan (1997)). These
conditions are destroyed even far away from absorption lines for the complicated
signals, for example, such as the short laser pulse with the Gaussian envelope
(width T at 50% power) (Galkin and Tatevyan (2002)). In this case using of the
state of the art group refractive index gives an error in results because of the
nonlinear refractivity gives the additional group delay

o 278 a'S?
1+ 27& %S

and the shift received frequency relatively of transmitted optical frequency
approximately as

Ao =-278&%a'S

where S is path through atmosphere, and the necessary derivatives can be
calculated by Kramers-Kronig relations using known dispersion function (for the
derivatives of absorption) or transparency function (for the derivatives of
refraction).

The estimation of the additional group delay and the frequency shift for the state of
the art dispersion equation and different laser wavelengths is shown on the Table 5.
(Sensing to zenith. S=16,6 km)



Table 5. The additional group delay and the frequency shift for used lasers.

Wavelength Pulse width 1 nsec | Wavelength | Pulse width 0,1 nsec
micrometers O psec Awx10'° micrometers O psec Awx10"
1,57 0,003 1,5 1,57 0,257 1,5
1,06 0,006 2.4 1,06 0,601 2.4
0,85 0,01 3,2 0,85 1,009 3,2
0,69 0,017 4.3 0,69 1,678 4.3
0,53 0,034 6,5 0,53 3,353 6,5
0,42 0,061 9,6 0,42 6,081 9,6
0,35 0,115 14 0,35 11,42 14

The additional group delay is the most important aspect for two color SLR. For
two color measurements (Sperber and Riepl (2001)) the atmospheric correction
may be obtained via the time delay At the pulses of different color (let w;<w;)

Ng(@1) S = cNyro(w;) At (Ngro(0,) - Ngro(w,)) ' =cK At

where the components Ngo(m;) and Ng(w,) are known and the factor K may be
calculated, c is the light velocity in vacuum. According to this factor influence of
the additional delay is increasing.

The resulting errors are calculated for a vertical ray path (double ray path through
at sea level i1s assumed as 16.6 km) and a horizontal ray (path is equal 50 km) for

different conditions. They are shown in Tables 6 —9.

Table 6. Vertical ray path. Pulse width is 1.0 nsec.

AM(um) A® (psec) K Error (mm)
1.064-0.532 0.027 22.6 0.18
0.532-0.355 0.077 14.06 0.32
1.064-0.355 0.10 8.44 0.26

Table 7. Vertical ray path. Pulse width is 0.1 nsec

AN(um) A® (psec) K Error (mm)
1.064-0.532 2.72 22.6 18.44
0.532-0.355 7.68 14.06 33.64
1.064-0.355 10.4 8.44 26.33




Table 8. Horizontal ray path. Pulse width is 1.0 nsec.

AN(um) A® (psec) K Error (mm)
1.064-0.532 0.30 22.6 2.02
0.532-0.355 0.69 14.06 291
1.064-0.355 0.99 8.44 2.50

Table 9. Horizontal ray path. Pulse width is 0.1 nsec

AM(um) A® (psec) K Error (mm)
1.064-0.532 24.5 22.6 166.11
0.532-0.355 69.1 14.06 237.0
1.064-0.355 93.6 8.44 302.7

Conclusions

It is shown that the state of the art dispersion formulas particularly of the group
refractive index is not enough to achieve millimeter accuracy of the SLR.

Taking into consideration a lot of the spectral lines of air it is necessary to

research every used spectral region in detail by theoretic and experimental
methods.

Worth while to pay attention on stated problems under exploitation of the existing
SLR systems and development new perspective ones.
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